Honey bee colonies exhibit a wide range of variation in their behaviour, depending on their genetic origin and environmental factors. The COLOSS Genotype-Environment Interactions Experiment gave us the opportunity to investigate the phenotypic expression of the swarming, defensive and hygienic behaviour of 16 genotypes from five different honey bee subspecies in various environmental conditions. In 2010 and 2011, a total of 621 colonies were monitored and tested according to a standard protocol for estimation of expression of these three behavioural traits. The factors: year, genotype, location, origin (local vs. non-local) and season (only for hygienic behaviour) were considered in statistical analyses to estimate their effect on expression of these behaviours. The general outcome of our study is that genotype and location have a significant effect on the analysed traits. For all characters, the variability among locations was higher than the variability among genotypes.
Introduction
The honey bee colony is a complex society which commands a wide range of behaviours to protect itself from predators and diseases and to enable its reproduction and survival (Winston, 1987) . Some of these behaviours are of significance for the interests of beekeepers and thus have been recognised in selection and breeding programmes (Ruttner, For instance, the number of days with minimum temperatures below 0°C ranged from zero in Termini Imerese (Sicily) to 174 in Äikäs (Finland) . Similar magnitudes existed for other meteorological parameters, which as a whole affect the opportunities to forage and the availability of food.
For each genotype, the declared subspecies, location of origin and degree of breeding efforts are summarised in Table 1 , together with the abbreviation used in this paper. Each test apiary consisted of colonies belonging to at least three different genotypes, the one of local origin and two or more non-local ones. Queens that were superseded in the course of the experiment were considered as belonging to the original genotype. Several training sessions were organised and a common protocol was developed to standardise colony management, evaluation procedures and timing of colony measurements (censuses). Further details of the experiment design and the colony evaluation protocol are given by Costa et al. (2012) .
Methods for testing behavioural parameters
The evaluation of swarming, defensive and hygienic behaviour was carried out during the active seasons of 2010 and 2011. The behavioural traits were evaluated every time the colonies in the apiary were visited and also at each colony census (three censuses per year). The swarming tendency was assessed by assigning a score to each colony according to the standard four point system of Ruttner (1972) , where the score of 4 indicated that no swarming tendency was noticeable, and 1 indicated that the colony swarmed or that swarming could be prevented only by extensive intervention. Defensive behaviour was also evaluated using a score system, as this is the method commonly used in European breeding programmes and as it was shown to be the most, reliable keepers, and in consequence have been highly selected and widely distributed, other subspecies with behaviours regarded as unfavourable are being endangered or may have already been replaced by introduced populations. The selection, high queen production and now almost worldwide distribution of A. m. ligustica and A. m. carnica, due to their comparatively weak defensive behaviour, combined with ready spring buildup and high honey production (de la Rúa et al., 2005) , is a good example. In several regions of Europe, these two subspecies are now favoured over the native honey bees such as A. m. mellifera and A. m. siciliana which were dismissed by beekeepers for several reasons, such as their more pronounced defensive behaviour and high tendency to swarm, respectively. However, recently, conservation and reintroduction efforts have been initiated for some of these populations (Jensen et al., 2005; Dall'Olio et al., 2007; Strange et al., 2008; de la Rua et al., 2009 ). The starting point for all conservation efforts is the recognition and a precise description of the endangered population or subspecies (Bouga et al., 2011) . In addition to a discrimination based on morphometric and/or molecular data, this also needs to include an assessment of behavioural traits. (Fig. 1) . In two of the 21 apiaries, however, no behavioural data were collected at all.
Material and method

Experiment design
The apiary of Toulouse (France) was given up soon after the start of the experiment. At the apiary of Probistip (Macedonia) all colonies died in the first winter, and therefore, no behavioural assessments could be taken. In the remaining 19 locations, it was not possible to completely measure all of the traits in each apiary, so the data presented in this paper originate from 18 apiaries for swarming and defence behaviour, and from 12 apiaries for hygienic behaviour. Details on location and genotype distribution, and the tests performed, are given in Fig. 1 .
The test apiaries were distributed across various European climates and biomes, spanning from the Mediterranean to Finland. Meteorological data for each location were obtained for 2010, and enormous variation of climatic conditions was observed (for details see Hatjina et al., 2014) . Adapted from Francis et al., 2014. method when compared to other field assays (Guzmàn-Novoa et al., 2003) . Likewise, in the score system utilised for, 4 indicated no need of protection or smoke to avoid stings, and 1 indicated that maximum protection was necessary (Ruttner, 1972) . Specific definitions for assigning gradual scores for both behavioural traits have been laid down in the common protocol (Costa et al., 2012) .
For evaluation of the colonies' hygienic behaviour we used the "pin-test" (Costa et al., 2012; Büchler et al., 2010 Büchler et al., , 2013 , where 50 cells containing white-or pink-eyed pupae are pierced through the cell capping with an entomological pin size n° 2 (diameter = 0.45 mm).
The removal of the killed pupae by the adult bees was estimated after a time interval of 8 to 10 hours. The pin-test was repeatedly performed through the entire active season. The honey production data from Hatjina et al. (2014) was used to determine the existence of association between the studied behavioural traits and honey yield.
Data processing and statistical analysis
Results of swarming and defence behaviour tests were referred to as one mean value of each colony per year. In case of hygienic behaviour, repeated measures were collected. All records of swarming, defensive and hygienic behaviour were subject to pre-statistical description and dispersion evaluation. Data for hygienic behaviour performed close to normal distribution. In swarming tendency and defensive behaviour we assumed normality since pre-tested transformations did not significantly improve normality. The final evaluation was performed by 
Results
The results of the GLM analyses of swarming, defensive and hygienic behaviour for the biologically most relevant factors are given in Table 2 .
Swarming behaviour
The GLM analysis showed that swarming behaviour was highly significantly affected (p < 0.01) by year, location and genotype. In contrast, the origin of the genotype (local vs. non-local) was not found to have a significant effect on the trait (Table. 2). The expression of swarming behaviour was significantly (p < 0.05) higher in the second year of the experiment when the original queens were two years old.
In the first and second year, the adjusted mean score values for swarming were 3.23 ± 0.07 and 2.94 ± 0.11.
The variability among locations was much higher than among genotypes. The adjusted mean values of swarming behaviour scores in the different locations ranged from 1.08 ± 0.19 in Kirchhain to 3.79 ± 0.23 in Lunz, whereas variation among genotypes ranged from 2.62 ± 0.17 for MacG to 3.55 ± 0.49 for Sic (Tables 3 and 4) . Accordingly, we observed a considerably lower variation of the swarming trait -when compared to the locations -between the genotypes within the same subspecies (for those that were represented by several genotypes): within A. m. macedonica MacB differed significantly from MacG (p < 0.05), and within A. m. mellifera MelP differed significantly from MelF (p < 0.05). 
Defensive behaviour
Location, genotype and origin had a highly significant effect (GLM, p < 0.01) on defensive behaviour. The trait was expressed consistently in both years, so that year was not a significant factor (p > 0.05) ( Table   2 ). As with the results obtained for swarming, the level of variability among the locations was higher than among the genotypes. The adjusted mean values of defensive behaviour scores in locations ranged from 1.94 ± 0.12 in Chalkidiki to 3.91 ± 0.16 in Skopje, and across the genotypes they ranged from 2.45 ± 0.21 for MelP to 3.71 ± 0.31 for Sic (Tables 5 and 6 ). 
Correlations
The relationships between the score of each trait in the two years, between the scores of all traits in the two years, and of all traits with honey production within each of the test years, were estimated and are given in Table 10 . Across the two test years (2010 and 2011), we found significant (p < 0.01) positive moderate correlations for the swarming behaviour (r = 0.36) and for the defensive behaviour (r = 0.47).
In contrast, we found that the scores for hygienic behaviour of the two test years were not significantly correlated. In both years, the The COLOSS GEI Experiment: behavioural traits 253 (Table   10 ). In 2010, the removal rate was estimated to be significantly positively weakly correlated (p < 0.05) with honey production.
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Uzunov and Costa et al. Table 10 . Correlation index between swarming, defensive and hygienic behaviour traits and honey production for each observation year. **Correlation is significant at the 0.01 level (2-tailed). *Correlation is significant at the 0.05 level (2-tailed). 
Discussion
Our results show that the colonies we compared showed high variability in the expression of the swarming, defensive and hygienic behaviour traits. The factor exerting the strongest influence was location, which can be seen as the sum of all abiotic and biotic components in a given environment. The length of the active season, which in our study varied from four up to 10 months, together with food availability, significantly affected development trajectories of the colonies at different locations (Hatjina et al., 2014) , and this may have affected not only colony development but also performance.
As detailed in Costa et al. (2012) , the colonies at all locations were managed according to a common protocol that specified certain compulsory procedures, and timing and methods of assessments and sampling. Beyond these key activities, however, the colonies were managed according to the locally prevailing beekeeping practice, which therefore also contributed to the influence exerted by the factor location.
The influence of the factor genotype was found to be generally weaker in comparison to location, yet in many cases it was significant.
The colonies in our experiment showed a stronger inclination to swarm in the second year. This is not surprising, as most of the colonies still had their original queens, and it is well known that colonies with older queens have a higher swarming tendency (Winston, 1987; Free, 1987; Uzunov, 2013) . Although the variability of this trait was greater among locations than genotypes, the genetic influence is demonstrated by the positive correlation between the annual scores of the colonies (r = 0.36; p < 0.01). It has indeed been shown by several studies that different honey bee populations may express different levels of expression of this trait (Adam, 1968; Ruttner, 1988a Ruttner, , 1992 .
Among the tested strains, the colonies from the MacB genotype, corresponding to A. m. macedonica from Bulgaria, showed a significantly lower swarming behaviour compared to the majority of the remaining Uzunov and Costa et al. from the Apennine Peninsula and Sicily (LigI and Sic) were the ones with the most differences in hygienic behaviour compared to the other genotypes. However, the genotype which displayed the highest cleaning rate was CarV, closely followed by MacB. These results are not surprising, as these genotypes originate from breeding programmes with intensive selection for hygienic behaviour (Petrov, 2010) . However, other genotypes, also originating from breeding programmes which include hygienic behaviour as a selective trait (e.g. the Polish genotypes CarP, CarG and MelP), exhibited hygienic scores that were lower than expected from previous reports (Panasiuk et al., 2008; Bąk et al., 2010) , highlighting the strong influence of environmental factors (location, season) on this trait.
Seasonal differences in expression of hygienic behaviour have been frequently reported (Panasiuk et al., 2009; Güler and Toy, 2013) , but there are also contradictory reports (Bigio et al., 2013) . It is likely that season and location interact to yield unique combinations of floral availability and nectar flow, which are known to influence the expression of hygienic behaviour (Momot and Rothenbuhler, 1971; Robinson, 1992; Spivak and Gilliam, 1998a,b; Johnson, 2003) . Furthermore, according to several authors, hygienic behaviour is mainly exhibited by workers that are younger than three weeks (Thompson, 1964; Arathi et al., 2000; Panasiuk et al., 2010) , and different balance of young and old bees in the colony may affect expression the trait at the colony level. This may, for example, explain the lower cleaning rate we observed in autumn.
In the first observation year, we found a significant, but weak correlation between hygienic behaviour and honey production. This is in agreement with reports that during a good nectar flow bees remove dead brood faster, thereby preparing cells for nectar collection (Thompson, 1964; Momot and Rothenbuhler, 1971; Spivak et al., 1995; Spivak and Reuter, 1998) . In contrast, in adverse weather conditions, the activity of foragers drops, leading to lower pollen and honey stores and subsequently affecting brood rearing and the structure of the bee colony (Mattila and Otis, 2006) . In the research of Garcia et al. (2013) hygienic behaviour showed a high correlation with honey production.
A nectar inflow on the day before hygienic behaviour is measured may also enhance cleaning rates (Panasiuk et al., 2009 ).
We estimated a significant negative correlation between the scores of defensive and hygienic behaviour in both test years, which may suggest that defensive bees are more hygienic. This would be in line with observations reported by beekeepers and also some published research that defensive bees tend to be more hygienic (Winston, 1995; Paleolog, 2009 ). However, Rinderer (1986 and Kefuss et al. (1996) did not find correlations between hygienic and defensive behaviours in different strains of European honey bees.
In conclusion, our results demonstrate that the behaviours of swarming, colony defence and brood hygiene are significantly affected by both, environmental and genetic factors. For defensive behaviour we also observed a significant interaction between genotype and environment, in that local genotypes were significantly more docile other crosses, e.g. A. m. carnica x A. m. mellifera as described by Ruttner (1988b) and the three-way hybrid (A. m. ligustica x A. m.
caucasica) x A. m. mellifera described by Fresnaye and Lavie (1976) .
Our observations show that beekeeping with the native bee need not necessarily be hampered by defensive bees, as long as hybridisation with different genetic origins is avoided.
In many countries, A. m. mellifera suffers from a negative reputation among beekeepers for its bad temper. Our findings appear to support this estimation in that colonies of the genotypes MelP and MelF were the most defensive ones in the experiment. However, both these genotypes were also found to be highly hybridised (Francis et al., 2014) , which may have aggravated their tendency to defensiveness. While the MelF population has for decades not been subjected to artificial selection (Le Conte et al., 2007) , the MelP genotype from Poland is being maintained by open mating only, which appears insufficient for keeping foreign alleles from introgressing (Francis et al., 2014) .
In contrast, the third A. m. mellifera genotype in the experiment, MelL originating from a small conservation area on the Danish island of Laesø (Jensen et al., 2005) , showed a significantly less pronounced defensive behaviour compared to MelP and MelF. This genotype was also found to be comparatively pure, showing considerably less hybridisation with other subspecies (Francis et al., 2014; Pinto et al., 2014) .
The lack of coordinated selection efforts within A. m. mellifera is clearly manifest in the significantly lower scores for defensive behaviour, which, on the other hand, may provide a straightforward explanation for its unpopularity among beekeepers in large portions of its native area. Nonetheless, as discussed for the case of A. m. siciliana above, it appears that also in A. m. mellifera defensiveness is strongly related to hybridisation, where purer populations are also considerably more docile (Ruttner, 1988b; Fresnaye and Lavie, 1976) . The hybridisation effect on defensive behaviour could result from insufficient queen mandibular pheromone levels circulating among the workers (Gervan et al., 2005) , maybe as a result of either variance of queen's release than non-local ones. We interpret this as an expression of adaptation to stressors present in the local environment. Not surprisingly, the highest values for the observed characters were expressed by genotypes originating from breeding or conservation programmes, thus showing success of selection for the behaviours that beekeepers desire.
In contrast, the range of these behaviours expressed by the A. m. mellifera genotypes clearly illustrate a lack of coordinated selection and breeding efforts (Ruttner, 1990; Gallmann, 2012) . Thus, they provide an explanation for the low appreciation of this subspecies among beekeepers, which lead to a state of endangerment and near extinction in large areas of its native range (Winston, 1987 , de la Rúa et al., 2005 .
From a practical point of view, the strong environmental and genetic effects reveal the need for intensive exploration of the available behavioural variation among different subspecies and strains. Our results also show that a sustainable protection of local genotypes can most likely be promoted and improved if conservation efforts are combined with selection and breeding from native stock to improve its appreciation by beekeepers of the respective regions.
